We demonstrate hybrid femtosecond/picosecond (fs/ps) coherent anti-Stokes Raman scattering for highspeed thermometry in unsteady high-temperature flames, including successful comparisons with a time-and frequencyresolved theoretical model. After excitation of the N 2 vibrational manifold with 100 fs broadband pump and Stokes beams, the Raman coherence is probed using a frequency-narrowed 2:5 ps probe beam that is time delayed to suppress the nonresonant background by 2 orders of magnitude. Experimental spectra were obtained at 500 Hz in steady and pulsed H 2 -air flames and exhibit a temperature precision of 2.2% and an accuracy of 3.3% up to 2400 K. Strategies for real-time gas-phase thermometry in high-temperature flames are also discussed, along with implications for kilohertz-rate measurements in practical combustion systems.
Time-domain coherent anti-Stokes Raman scattering (CARS) thermometry for kilohertz-rate detection of combustion instabilities has recently been demonstrated using a femtosecond (fs) laser source [1] . If a chirped probe pulse is employed, the time decay of the CARS signal caused by frequency-spread dephasing can be detected with a spectrometer and related to the gas-phase temperature on each laser shot. This approach produces tremendous signal levels, but the measured time decay is sensitive to the temporal and spectral shapes of the probe pulse and the ratio of the resonant to nonresonant signals. In practical combustion systems, these may be perturbed by the presence of thick test-cell windows and by varying pressure, species concentrations, and temperature within the reacting medium [2] . These challenges, along with interference from more abundant species that may be excited simultaneously by the broadband fs pulses, will ultimately require advanced pulseshaping strategies. As one alternative to time-domain fs CARS, we demonstrate the use of a hybrid femtosecond/picosecond (fs/ps) CARS technique for high-speed thermometry that exceeds previous frequency-domain measurement rates by 1 to 2 orders of magnitude [3] . The measurement precision is on the same order as that reported using fs time-domain spectroscopy [1] , while the high-speed measurement accuracy is improved, and potential uncertainties due to nonresonant background [4] , sensitivity to characteristics of the probe pulse, and interferences in multicomponent mixtures [5] are reduced. Whereas previous work on hybrid fs/ps CARS has been focused primarily on biochemical sensing in the condensed phase [6] or on gas-phase speciation at a low temperature [5] , the potential of this technique for accurate, real-time, high-speed thermometry in hightemperature gases is demonstrated here, along with successful implementation of a time-and frequency-resolved theoretical model. Fig. 1 , a 100 fs pulse at the fundamental wavelength (790 nm) of a regeneratively amplified Ti: sapphire laser is used to pump an optical parametric amplifier (OPA) to produce a frequency-doubled signal at 668 nm for the pump beam, ω 1 , with Δω ≈ 150 cm −1 . Residual 790 nm energy from the OPA is used for the Stokes pulse, ω 2 , with Δω ≈ 150 cm −1 and is temporally overlapped with the pump to generate an oscillating coherence covering the full rovibrational spectrum of N 2 near 2330 cm −1 . A transform-limited narrowband probe pulse, ω 3 , with Δω ≈ 12 cm −1 is selected from a small spectral portion of the high-energy 790 nm laser pulse using a grating-based, folded, 4f pulse-shaping system [6] . The probe-pulse delay, τ 23 , is selected to minimize the nonresonant background by setting the first minimum of the sinc 2 probe pulse coincident with the pump and Stokes pulses. The spectrally resolved CARS signal, ω CARS , is degenerate with the pump beam, but it can be spatially separated using the folded BOXCARS phase-matching configuration (
As shown in
The pump, Stokes, and probe beams have parallel polarizations and are focused to a 75 μm probe diameter with a 300 mm lens. The energies of the pump, Stokes, and probe pulses are 20 μJ, 450 μJ, and 25 μJ, respectively. The CARS process is performed in the unsaturated regime, as verified by the linear dependence of the CARS signal on the Stokes power. The CARS signal is spatially filtered with an iris, recollimated, and directed to a 1:26 m spectrometer with a 600 line=mm grating and an electron-multiplying charge-coupled-device (EMCCD) detector. The EMCCD is configured to acquire CARS spectra at 500 Hz, although newer commercially available lasers and cameras can exceed 1 kHz. The EMCCD camera is binned by five pixels for a resolution of 1:14 cm −1 per spectral element, which is sufficient to resolve the broad vibrational features of the CARS signal.
CARS measurements are performed 20 mm above the burner surface of a lifted H 2 -air, nearly adiabatic, atmospheric-pressure diffusion flame stabilized over a Hencken burner (40 standard liter per minute air flow rate). Under these conditions, the flame temperature is uniformly distributed and accurately predicted by equilibrium theory [7] . The equivalence ratio of the burner (Φ), defined as the fuel-air ratio divided by the stoichiometric fuel-air ratio, is varied from 0.5-1.0, resulting in flame temperatures of 1500 K-2400 K. The precision of the mass flow controllers yields an uncertainty in Φ of AE0:03 or equivalently AE15 K at Φ ¼ 1:0.
A spectrally and temporally resolved theoretical model for N 2 CARS is used to simulate the experimental data. In this model, the frequency-domain CARS signal is treated as the sum of nonresonant and resonant third-order complex polarizations, P ð3Þ , as follows [6] : 
where τ 12 and τ 23 denote the delays between pulses 1 (pump) and 2 (Stokes) and pulses 2 and 3 (probe), respectively. The resonant contributions to the third-order polarization are first treated in the time domain, assuming a phenomenological time-domain molecular response function [6] :
which accounts for the temperature-dependent populations, PðmÞ, of the Boltzmann-distributed initial states, m, of N 2 . In Eq. (2), ω nm and Γ nm are the frequency and dephasing rate, respectively, associated with the N 2 Q-branch transitions [ðΔv ¼ þ1; ΔJ ¼ 0Þ] to the final state, n, whereas κ nm represents the corresponding Raman transition strengths. An analogous response function is used to account for nonresonant contributions, but the dephasing rate is assumed to be rapid relative to the pulse durations, and a π=2 phase shift is introduced. The third-order polarizations are P ð3Þ ðt; τ 12 ; τ 23 Þ ¼ i ℏ
where E 1 , E 2 , and E 3 represent, respectively, the complex time-domain electric fields associated with the pump, Stokes, and probe pulses with the respective carrier frequencies ω 1 , ω 2 , and ω 3 ; t 1 , t 2 , and t 3 represent integration variables associated with coherence time scales separating field interactions. The δðt 1 Þδðt 3 Þ product arises from an assumption that the electronic dephasing time scales are fast compared to variations in pulses 1 and 2 during the first electronic coherence time scale, t 1 , as well as the variations in pulse 3 and the outgoing CARS pulse during the final electronic coherence time scale, t 3 . This expression is evaluated numerically for the delay τ 23 assuming temporally overlapped (τ 12 ¼ 0) transform-limited Gaussian electric fields E 1 and E 2 and an E 3 ðtÞ pulse that represents the Fourier transform of a square-pulse amplitude-shaped frequencydomain electric field. Subsequent Fourier transformation of P ð3Þ ðtÞ into the frequency domain allows determination of I CARS ðω; τ 12 ¼ 0; τ 23 Þ via Eq. (1). As is evident from Eq. (1) and Fig. 2(a) , the nonresonant background contributes significantly to the CARS signal and can distort the spectral shape when the input beams are aligned in time. In contrast, the experimental spectrum in Fig. 2(b) corresponds to a probe delay of 2:36 ps from the pump and Stokes. This delay reduces the nonresonant background by 2 orders of magnitude, while maintaining a sufficient signal-to-noise ratio (SNR) for computing the accurate best-fit temperature using a differential evolution optimization algorithm to minimize the residual. As displayed in Fig. 3 , the probability density functions follow a normal distribution and broaden as temperature increases, due to a decrease in the SNR. The best-fit temperatures exhibit a precision of better than 2.2% and are within 3.3% of the temperatures predicted from equilibrium theory [7] . The precision is dominated by uncertainty in spectral fitting due to spectral noise because the flame is relatively steady. This represents an improvement in accuracy over previous high-speed fs time-domain CARS measurements [1] with potentially less sensitivity to nonresonant variations, probe-pulse perturbations, and multispecies interferences.
For real-time thermometry, we explore the utilization of the relative populations in the fundamental and first three hot bands of the vibrational manifold, which are temperature dependent following the Boltzmann distribution. At a probe delay of 2:36 ps, nonresonant background suppression enables the use of a simple correlation function derived from the CARS model, between the fundamental-to-hot-band-area ratio and the theoretical temperature. Experimental temperatures are measured using CARS spectra collected at 500 Hz over a duration of 1 s in a steady flame and plotted in Fig. 4(a) for Φ ¼ 0:7, 0.9, and 1.0. Standard deviations are better than 1.8%, which is comparable to the precision of the best-fit spectra presented earlier, with temperature accuracies of 2.9% or better. To demonstrate the ability to resolve transient phenomena, the steady flame is pulsed from Φ ¼ 0:6 to 0.8, as shown in Fig. 4(b) . For these measurements, the temperature is computed ∼1000 times faster than the full spectral simulation routine and appears suitable for real-time applications.
In summary, we have demonstrated frequency-domain hybrid fs/ps CARS thermometry of N 2 at 500 Hz in hightemperature flames, enabling suppression of the nonresonant background by 2 orders of magnitude and an improvement in accuracy over previous high-speed fs CARS measurements. The high-speed CARS spectra exhibit temperature precision of better than 2.2% up to 2400 K, enabling real-time detection of transients in unsteady flames. 
